The topic of quantum cascade photodetectors started with the first photovoltaic quantum well infrared photodetector by Schneider et al., 1, 2 and the demonstration of a quantum cascade laser as photodetector by Hofstetter et al. 3 Graf et al. 4, 5 and Gendron et al. 6, 7 established, by specifically designing the quantum cascade structure only for detection, the quantum cascade detector (QCD). QCDs are photodetectors based on intersubband transitions. Two different semiconductor materials form the barriers and the wells, such that, as for all intersubband devices, the transition energy of a QCD can be controlled by designing the thicknesses of the layers. A QCD is a photovoltaic device, i.e., photocurrent is produced without external bias. An asymmetrically designed heterostructure causes a preferential moving direction for excited electron, thereby generating photocurrent. The absorption strength is proportional to the squared dipole matrix element hv i jzjv j i 2 (DME). Absorption frequencies from the near-infrared to the THz were demonstrated, [8] [9] [10] but only in the mid-infrared and near-infrared, room-temperature operation has been reached. Broadband QCDs with response, ranging from about 1100 cm À1 to 2000 cm
À1
, were demonstrated. 11 Photonic crystal cavities have been shown to yield up to four times responsivity enhancement. 12 A quantum cascade device that, under bias voltage, emits and, at zero bias, detects at the same wavelength was reported. 13, 14 In this letter, we present the diagonal transition QCD, a design, where the active transition occurs between two energy levels, each localized in different, but adjacent wells. The same concept has been demonstrated for quantum cascade lasers, 15 by using a diagonal active transition, the upper laser lifetime could be increased, which eventually improved the slope efficiency and decreased the threshold current density. A diagonal transition QCD has generally a smaller overlap of the wave-functions of the active energy levels, where the non-optical scattering rate between the two levels is reduced, which enhances the extraction efficiency and resistance. This leads to an improved overall performance, even though the absorption strength of the active transition is smaller, compared to a vertical transition. Since the extraction of the diagonal transition QCD is not based on resonant tunneling, it does not require such careful alignment and is fundamentally more robust.
A standard QCD consists of one active well with two energy levels for the optical transition and an extractor that is strongly coupled to the upper energy level of the active well. Figure 1(a) shows the band-diagram for the standard QCD with the highest demonstrated responsivity in the wavelength range around 8 lm, which is used as the reference design (N1021). 8 The optical transition happens between the energy levels indicated by the black arrows. Since the extraction is based on resonant tunneling, such a scheme is very sensitive to the alignment between the first extractor level and the upper level of the active transition. Small variations can be compensated by applying a little bias voltage, however, always at the cost of an increased noise. In order for an excited electron to contribute to the photocurrent, it needs to reach the ground level of the next cascade. The extractor must be designed such that the preferential transport direction of electrons is towards this lower active level of the next cascade. Usually, aiming for the highest possible extraction leads to a low resistance and thus high noise. For QCDs, operating at zero bias, the dominant noise mechanism is Johnson noise, which is, for a current source, indirect proportional to the device resistance. Thus, there is a tradeoff between extraction efficiency and resistance. The scattering rate of LO-phonons is in good approximation proportional to the overlap integral (OI) of the participating energy levels. For a vertical transition, as in the reference design, the overlap is high and thus LOphonon scattering from the upper state back into the lower 
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The diagonal transition QCD is based on a transition from an energy level localized in one well to an energy level that is localized in the neighboring well. Figure 1(b) shows the band-diagram of the diagonal transition design. The black arrow indicates the optical transition between energy levels 1 and 5. According to our simulations, 35% of the carriers are located in the final well of the extractor (5.4 nm well) and 60% in the broad active well. In order to counteract band-bending, the doping has been distributed in those two wells, as indicated by the shaded blue areas. The second energy level in the broad active well (indicated as 6), has an absorption strength of the same magnitude as the designed transition, but a lower extraction efficiency. Since the transition energy between level 1 and 5 can be designed, to a certain point, separately from 1 to 6, two absorption frequencies can be specifically tuned for dual-color applications. The most important design parameter is the barrier between the two active wells. Figure 2(a) shows the DME and the OI of the optical transition over the thickness of the barrier between the two active wells. Starting at 0.5 nm, an initial increase of the barrier thickness results in a much steeper drop of the OI than the DME, yielding a total performance increase. At approximately 2.5 nm, it reaches its optimal value. Considering only the DME, the highest absorption can be expected for a small barrier thickness. However, Figure 2 (b) shows that at such thicknesses both the extraction efficiency and the resistance are low. Because of this trade off, optimization is accomplished by maximizing the output current per unit of input signal power, i.e., the responsivity R p . For QCDs the responsivity can be written as
where k is the wavelength, q the elementary charge, h is the Planck constant, c is the vacuum speed of light, g is the absorption efficiency, which is in good approximation proportional to the squared DME, p e the extraction efficiency, and N the number of QCD cascades. Another common figure of merit for photodetectors is the specific detectivity D Ã j , which contains terms for both, the signal strength and the noise. The detectivity is defined as
where R 0 is the resistance, A the optical area, k B is the Boltzmann constant, and T the temperature. Figure 2(c) shows the responsivity and the detectivity of the device over the barrier thickness. At around 1.5 nm, the responsivity reaches its peak value. The maximum detectivity is at a larger barrier thickness of around 2.1 nm. A standard QCD is heavily reliant on the alignment of the upper active state and the extractor. To produce a good device, the material parameters must be well known and the growth well controlled. Although that is not an issue for well established material systems such as InGaAs/InAlAs or GaAs/AlGaAs, studying new material systems often results in a wide variance of grown structures. The diagonal transition QCD is a more robust design. Figure 3 shows the calculated responsivity spectrum for a distribution of devices with different scaled total active region thicknesses, going from À10% to þ10%. Since all wells and barriers, including the active wells, are scaled, the transition energy will scale accordingly. The total shift in energy is approximately 170 cm À1 for the diagonal transition and 240 cm À1 for the standard QCD. Even at 610% the performance of the diagonal QCD (a) is hardly influenced, while the responsivity of the reference design (b) clearly shows a strong dependence on the scaling factor.
The simulations were performed with a semi-classical Monte-Carlo transport simulator, which is part of the Vienna Schr€ odinger Poisson (VSP) framework. 16 The material system of the designed structure is lattice matched InGaAs/ InAlAs on InP. polished facet. Figure 4 shows the measured photocurrent spectra for different temperatures. Two strong peaks are visible. The first peak at 1250 cm À1 comes from the optical transition between energy levels 1 and 5. The second peak at 2150 cm À1 can be attributed to the transition between energy levels 1 and 6. It must be pointed out that for the spectral measurements, in this setup, we aligned for the maximum photocurrent. We have observed that by altering the optical alignment, the relative heights of the peaks to each other can be changed. A peak responsivity of 16.9 mA/W for 8 lm was measured at room-temperature.
In conclusion, this work reports the diagonal transition QCD. A design concept where the active transition of the detectors takes place between two energy levels, each localized in different, but adjacent wells. By tuning the barrier between the two wells, the responsivity or the resistance can be optimized to fit specific applications. Since the diagonal transition design does not rely on resonant tunneling, it is more robust compared to a standard QCD. The presented simulations showed that even for a 10% thicker or thinner structure, the responsivity only drops roughly 12%. A responsivity improvement of almost one order of magnitude was demonstrated with a measured peak responsivity of 16.9 mA/W. FIG. 3 . Responsivity spectrum of (a) the diagonal QCD and (b) the standard QCD for different scaled active region thicknesses. The total active region thicknesses were scaled from À10% to þ10%. The diagonal transition QCDs performance is robust against thickness variations. The standard QCD performance drops significantly. The absorption frequency shifts for both devices. The total shift in energy is approximately 170 cm À1 for the diagonal transition and 240 cm À1 for the standard QCD.
FIG. 4. Measured photocurrent spectrum of the diagonal transition QCD sample K152. The peak at 1250 cm À1 comes from the optical transition between energy level 1 and 5, the bump at 1050 cm À1 from a small overlap between levels 1 and 4. The second peak at 2150 cm À1 can be accounted to the transition between energy levels 1 and 6.
